The photophysical properties of new sulfonamides synthesized recently were investigated in different solvents.
Introduction
Solvent effect plays an important role in the photophysical properties of organic molecules. 1−4 The changes in photophysical parameters and spectral shifts arise from specific or nonspecific solvent-solute interactions.
5−7
The nature of the microenvironment around the solute molecules is very effective on electronic transitions in the molecules. The solvent-solute interactions at the microscopic level can be discussed using polarity scale or solvatochromic parameters. The ground and excited state dipole moments of solute molecules change with the solvent effect. Determination of the dipole moment of the molecule provides information about the geometric and electronic structure of the molecule. 8−11 This information sheds light on many areas such as designing nonlinear optical materials using fluorescence probes and biophysical studies about the polarity of the microenvironment lipid bilayers, proteins, and peptides.
12−14
The synthesis of novel π -conjugated organic compounds is a very important area due to their wide applications in various fields such as optoelectronics, bio-imaging, and optical storage devices during the last few decades. 15−17 These molecules exhibit interesting optical and spectral properties since they have both electron donating (D) and accepting (A) substituents in a single molecule and intramolecular charge transfer (ICT). 18 Therefore, they contribute to research in areas such as nonlinear optical devices, chemical sensing, 19, 20 and understanding photochemical. 21 and photobiological processes. Changes in the spectral properties of these compounds depending on the solvent polarity would allow the creation of favorable conditions in the area to be used. The present study investigated the spectral behaviors of the new sulfonamide derivatives compound S10 [4- (2-(2,3-dihydro-1H-inden-1-ylidene) hydrazine) benzenesulfonamide] and compound S11 [4-(2-(1,3-dihydro-2H-inden-2-ylidene)hydrazino) benzenesulfonamide] in different solvents. For this purpose, it was planned to take UV-Vis absorption, steady-state, and time-resolved fluorescence measurements for the S10 and S11 molecules in different solvents to investigate the solvent-solute interactions to calculate the ground and excited state dipole moments of these new compounds. Biochemical research such as biosensing will shed light on determining the effect of the environment on the spectral properties of these biologically active compounds.
Results and discussion
The 4-(2-substituted hydrazinyl)benzenesulfonamide derivatives (S10-S11) were synthesized. These compounds were evaluated for their hCA I and II isoenzymes and found to be sufficiently active in our previous study.
23
In the present study, the absorption and fluorescence measurements of compounds S10 and S11 were realized in various solvents with different polarity at room temperature (Figures 1a and 1b and 2a and 2b). As can be seen in the absorption spectra, while the absorption spectrum of S10 consists of one band in the 340 nm region, S11 has two bands at 380 nm and a shorter-wavelength band near 299 nm. The fluorescence emission spectra of S10 and S11 were recorded at excitation wavelength 320 nm. As shown in Figures 2a and 2b , the structure of the fluorescence spectra of S10 did not change with solvent but the fluorescence spectra of S11 displayed structural differences depending on solvent. The exhibition of distinct spectral characteristics of these two compounds having similar skeletons was a very interesting result. It appears that the position of the indanone group causes a considerable change in π electron mobility (Scheme 1). As can be seen in Scheme 1, while compound S11 presents only one charge transfer state (Type B), compound S10 presents two different charge transfer states (Types A and B). This suggested that the two compounds should possess different photophysical characters.
When the fluorescence spectra of S11 were taken, some shoulders between 400 and 500 nm were observed ( Figure   2b ). To explain this situation, i.e. the shoulders between 400 and 500 nm, excitation spectra were also taken. Differences between excitation and absorption spectra showed that the structure of the excimer did not form for S11. Figure 1 . Normalized absorption spectra of (a) S10 (b) S11 in different solvents. Insets: Normalized excitation spectra.
Changes in the fluorescence peak positions were observed depending on solvent polarity. As shown in Table 1 , the shifts in the absorption and fluorescence spectra observed depend on solvent polarity. The changes in both absorption and fluorescence spectra proved the effects on the ground and excited states of molecules resulting from polarity or hydrogen bond interactions between the solvent molecules and the sulfonamide derivatives. 24 The Stokes shifts observed in nonpolar solvents were greater than in the polar solvent. This suggested that dipole-dipole interactions were stronger than the hydrogen bond interactions. Figure 2 . Normalized fluorescence spectra of (a) S10 (b) S11 in different solvents ( λexc = 320 nm).
It was determined that fluorescence quantum yield, fluorescence lifetime, and radiative and nonradiative rate constants of the compounds change depending on the solvent used. Figures 3a and 3b show fluorescence decay curves of S10 and S11 in different solvents. Generally, quantum yield ( Φ f ) and lifetime (τ f ) values in other solvents were higher compared to polar protic solvents ( Table 2 ). This may be due to the fact that fluorophores are quenched by polar solvents due to hydrogen bonds. 25 Both Φ f and τ f values did not show a significant change in polar solvents depending on solvent polarity. Furthermore, high k nr values of compounds in polar solvents show that the main path of the excited state deactivation is internal conversion. 8 Herein, the increase in k nr in polar solvents can be associated with twisted intramolecular charge transfer (TICT)
state. 26, 27 Furthermore, hydrogen bond interactions, which cause intramolecular proton transfer from the solvent to molecule, may contribute to radiative transitions. 28 It was indicated that the fluorescence quantum yield of S11 is very low compared to S10 in all the solvents. S10 was more fluorescent than S11 due to differences in the binding position of the indanone group to the hydrazine moiety, which affect the electronic structures of the molecules. Moreover, it was observed that the quantum yield of S10 is very low in ACN despite having an aprotic nature. This could be explained by an increased twisting of the single bonds involved in the charge transfer in the excited state for ACN.
29 Table 1 . Absorption and fluorescence spectral data of S10 and S11 in different solvents ( λexc = 320 nm). The ground and excited state dipole moments of S10 and S11 were calculated. For this purpose, the slopes of plots of Stokes shifts versus polarity functions were determined using Eqs. (4) and (5) (Figures 4a   and 4b ). The ground (µ g ) and excited state dipole moments (µ e ) were calculated using Eqs. (11) and (12) and they were summarized in Table 3 . The calculated dipole moments indicate that the excited state dipole moments were greater than those in ground state for both compounds. This increase in the excited state dipole moments demonstrated that the compounds are more polar in excited state as compared with ground state. 11, 24, 30 However, the difference in the dipole moment clearly showed that the excited state S 1 will be energetically more stabilized relative to the ground state S 0 . Additionally, the changes in dipole moments (∆µ) were determined using molecular-microscopic solvent polarity parameter and Stokes shift ( Figure 5 ). ∆µ values, calculated using Eq. (14) , are given in Table 3 . To explain the changes in dipole moments, the relation between Stokes shifts and the solvent polarity parameter was used. If the changes in dipole moments were dependent on only solvent polarity, the plot of Stokes shifts versus solvent polarity parameter should have exhibited a linear trend. The empirical polarity scale developed by Reichardt E T (30) values has been used and Stokes shifts were plotted versus the solvent polarity parameter. The electron densities of the molecules change in the ground and excited states. Therefore, the dipole moments of S10 and S11 are different in these states mentioned above. The dipole moments for both compounds increase when they are excited. This suggests the existence of intramolecular charge transfer (ICT) and twisted intramolecular charge transfer (TICT) in excited state. The possible resonance structures of these compounds are shown in Scheme 1. TICT state occurs for S10 due to the possibility of Type A resonance as shown in Scheme 1, but the S11 molecule returns from excited structure of ICT to the ground state due to unavailability of the resonance structure shown in the case of S10. The spectral results showed that the presence of the ICT and TICT process that occurs upon photo-excitation is not only solvent polarity but also the hydrogen bond ability of strong hydrogen bond acceptors such as DMF and DMSO.
29,32
We have determined the solvent-solute interactions with multiple linear regression analysis. According to the Kamlet-Taft regression results, the coefficients of π * and β are significantly higher than the coefficient of α . This indicated that the absorption and emission spectral shifts are controlled by polarity/dipolarizability of nonspecific interactions and hydrogen bond acceptor (HBA) ability. 
Experimental

Equipment
The UV-Vis absorption and fluorescence spectra of the samples were recorded with a PerkinElmer Lambda 35 UV/VIS spectrophotometer and Shimadzu RF-5301PC spectrofluorophotometer, respectively. Fluorescence and absorption measurements were recorded for all sulfonamide derivatives at room temperature. For the steadystate fluorescence measurements, all samples were excited at 320 nm and fluorescence intensity was recorded between 330 nm and 550 nm. The fluorescence lifetime measurements were carried out with a LaserStrobe model TM3 spectrofluorophotometer from Photon Technology International. The excitation source combined a pulsed nitrogen laser/tunable dye laser. The samples were excited at 366 nm. The decay curves were collected over 200 channels using a nonlinear time scale with the time increment increasing according to arithmetic progression. The fluorescence decays were analyzed with the lifetime distribution analysis software from the instrument supplying company. The quality of fits was assessed by χ 2 values and weighed residuals.
34
The fluorescence quantum yields of donor molecules were calculated through the Parker-Rees equation:
where D is the integrated area under the corrected fluorescence spectrum, n is the refractive index of the solution, and O D is the optical density at the excitation wavelength (λ ex = 320 nm). The subscripts s and r refer to the sample and reference solutions, respectively. Quinine sulfate in 0.5 M H 2 SO 4 solution was used as the reference. The fluorescence quantum yield of quinine sulfate was 0.54 in 0.5 M H 2 SO 4 solution.
35
The rate constants of the radiative (k r ) and nonradiative (k nr ) deactivation were calculated by using the following equations:.
where Φ f is fluorescence quantum yield and τ f is fluorescence lifetime of samples.
Chemicals
All solvents (Sigma and Merck), quinine sulfate (Fluka), and H 2 SO 4 (Sigma) were purchased and used without further purification. The physical properties and polarity parameters of all solvents used in the study are listed in Table 5 . 8, 24 The stock solution of all compounds was prepared in MeOH. A certain amount of fresh probe samples in different solutions was obtained from this stock solution by evaporating the solvent. For all measurements, the concentrations of compounds were 1.0 × 10 −5 M. All the experiments were performed at room temperature.
Synthesis of compounds S10 and S11
Compounds S10 and S11 were synthesized as described in our previous study. 23 Scheme 2 summarizes the synthesis of the compounds briefly and their chemical structures.
Estimation of dipole moments
A solvatochromic method was used for the determination of the ground and excited state dipole moment of the molecules, based on linear correlation between the band maximum of absorption, fluorescence, and solvent polarity function. ν a : absorption and ν f : fluorescence band maxima (cm −1 ), ε: dielectric constant and n:
refractive index of solventν Scheme 2. Synthesis of compounds S10 and S11.
where
and
h is Planck's constant, c is the velocity of light in the vacuum, µ g and µ e are the dipole moments of solute in the ground and excited states, and a is Onsager cavity radius. 30, 37 Onsager cavity radius can be calculated from the molecular volume of the molecule. Suppan's equation is used for the calculation of Onsager cavity radius.
where d is the density (1.40 g/cm 3 ). 40 and M is the molecular weight of molecules, respectively. N is Avogadro's number. Onsager cavity radius values were calculated as 4.40Å using Eq. (10).
Considering parallel orientations for the molecular dipole moment in ground and excited states, based on Eqs. (8) and (9), the following equations are obtained:.
Moreover, the changes in dipole moments (∆µ) are determined with the solvatochromic method developed by Reichardt using microscopic solvent polarity parameter (E N T ) . 41 According to the method,
where ∆µ D is the change in the dipole moment of the betaine dye (9 D) and a D is the Onsager cavity radius of betaine dye (6.2Å). The change in dipole moments was calculated by Eq. (14) using these values. 
where m is the slope of the linear plot of E N T vs. Stokes shift ( Figure 5 ) and a is Onsager cavity radius.
42
To characterize the solvent-solute interactions, multiple linear regression analysis suggested by KamletTaft was used. The multiple linear regression can be described by the following equation:
where υ 0 stands for the peak frequency of the solute in a gas phase. α , β , and π * denote the hydrogen bond donor (HBD) ability, hydrogen bond acceptor (HBA) ability, and dipolarity/polarizability of the solvents respectively. a-c are the regression coefficients describing the sensitivity of the respective property to the different types of solvent-solute interactions. The Kamlet-Taft solvent parameters are listed in Table 5 .
Conclusions
The newly synthesized sulfonamide derivatives were characterized in solvents having photophysically different polarities. The shifts in absorption and fluorescence spectra and the changes in the fluorescence quantum yield and lifetime values occurred depending on the solvent. For all solvents, it was observed that the fluorescence property of S11 is weaker and quantum yield of S11 is lower than S10. It was determined that both compounds have higher quantum yield in the polar aprotic solvent. The ground and excited state dipole moments of compounds were also calculated using polarity functions and Stokes shifts. The results showed that for both compounds the excited state dipole moments are greater than those in ground state. The solvent polarity and specific solvent-solute interactions change the dipole moments of molecules upon transition from ground to excited state. Finally, determination of the photophysical properties and the dipole moments of these biologically active novel molecules is of great importance in many areas such as nonlinear optical devices, chemical sensing, and understanding the photochemical and photobiological processes.
